Bacterial transglycosylases are enzymes that couple the disaccharide subunits of peptidoglycan to form long carbohydrate chains. These enzymes are the target of the pentasaccharide antibiotic moenomycin as well as the proposed target of certain glycopeptides that overcome vancomycin resistance. Because bacterial transglycosylases are difficult enzymes to study, it has not previously been possible to evaluate how moenomycin inhibits them or to determine whether glycopeptide analogues directly target them. We have identified transglycosylase assay conditions that enable kinetic analysis of inhibitors and have examined the inhibition of Escherichia coli penicillin-binding protein 1b (PBP1b) by moenomycin as well as by various glycopeptides. We report that chlorobiphenyl vancomycin analogues that are incapable of binding substrates nevertheless inhibit E. coli PBP1b, which shows that these compounds interact directly with the enzyme. These findings support the hypothesis that chlorobiphenyl vancomycin derivatives overcome vanA resistance by targeting bacterial transglycosylases. We have also found that moenomycin is not competitive with respect to the lipid II substrate of PBP1b, as has long been believed. With the development of suitable methods to evaluate bacterial transglycosylases, it is now possible to probe the mechanism of action of some potentially very important antibiotics.
Bacterial transglycosylases are enzymes that couple the disaccharide subunits of peptidoglycan to form long carbohydrate chains. These enzymes are the target of the pentasaccharide antibiotic moenomycin as well as the proposed target of certain glycopeptides that overcome vancomycin resistance. Because bacterial transglycosylases are difficult enzymes to study, it has not previously been possible to evaluate how moenomycin inhibits them or to determine whether glycopeptide analogues directly target them. We have identified transglycosylase assay conditions that enable kinetic analysis of inhibitors and have examined the inhibition of Escherichia coli penicillin-binding protein 1b (PBP1b) by moenomycin as well as by various glycopeptides. We report that chlorobiphenyl vancomycin analogues that are incapable of binding substrates nevertheless inhibit E. coli PBP1b, which shows that these compounds interact directly with the enzyme. These findings support the hypothesis that chlorobiphenyl vancomycin derivatives overcome vanA resistance by targeting bacterial transglycosylases. We have also found that moenomycin is not competitive with respect to the lipid II substrate of PBP1b, as has long been believed. With the development of suitable methods to evaluate bacterial transglycosylases, it is now possible to probe the mechanism of action of some potentially very important antibiotics. V ancomycin (1, Fig. 1a ) is a glycopeptide antibiotic that inhibits the final steps of peptidoglycan biosynthesis by binding to the D-Ala-D-Ala dipeptide termini of peptidoglycan precursors so that they cannot be further processed (1, 2) . The emergence of vancomycin resistance in the last decade has caused considerable concern because this drug is widely used to treat methicillin-resistant Gram-positive infections and there are few alternatives to it. The most common forms of resistance to vancomycin occur in enterococcal strains and involve the acquisition of a set of genes encoding proteins that direct peptidoglycan precursors to incorporate D-Ala-D-Lac (Lac ϭ lactate) instead of D-Ala-D-Ala (3, 4) . Because vancomycin does not bind D-Ala-D-Lac (Fig. 1b) , bacterial cells expressing this modified peptide are not sensitive to the drug.
In 1989, Nagarajan et al. (5) reported that a vancomycin analogue (2) containing a chlorobiphenyl substituent attached to the vancosamino nitrogen on the disaccharide is active against vancomycin-resistant enterococcal strains. Because the disaccharide of vancomycin is not directly involved in binding to peptidoglycan precursors (Fig. 1b) , it was surprising that changes to this portion of the molecule restored biological activity. Two fundamentally different theories have been proposed for how 2 overcomes vancomycin resistance. The first theory holds that the carbohydrate modification indirectly enhances binding to D-Ala-D-Lac by promoting dimerization and͞or by facilitating membrane anchoring (Fig. 2, model 1; ref. 6 ). The second theory holds that 2 has a second mechanism of action that is independent of peptide binding (7) .
We proposed the second theory after discovering that analogues of 2 in which the peptide-binding pocket is damaged (5) still have activity against resistant microorganisms (7) . These analogues were shown to inhibit the transglycosylation step of peptidoglycan biosynthesis, and we thus suggested that 2 and 5 interact directly with a component of the transglycosylation complex. Sinha Roy et al. (8) provided support for this hypothesis recently when they showed that penicillin-binding protein 1b (PBP1b), the major transglycosylase in Escherichia coli, is retained on an affinity column derivatized with 2 or fragments thereof. We now report a study showing that 2 and 5 inhibit PBP1b by interacting directly with the enzyme (Fig. 2, model 2) . The results confirm that vancomycin analogues containing biaryl substituents on the vancosamino sugar have a second mechanism of action, direct inhibition of bacterial transglycosylases, that may explain their ability to kill resistant microorganisms.
Materials and Methods
Synthesis of Substrate Analogues. Lipid I analogue 9 was prepared as described in Men et al. (9) and Ye et al. (10) and enzymatically converted to lipid II analogue 10 by using E. coli MurG as described in Lo et al. (11) .
Synthesis of Test Compounds.
Vancomycin analogues 4 and 5 were prepared as described in Booth et al. (12) . Teicoplanin analogue 6 was prepared as described in Malabarba et al. (13) . Moenomycin analogue 8 was prepared following the procedures described in Vogel et al. (14) .
Transglycosylase Assays. PBP1b preparations. The gene encoding E. coli PBP1b was PCR amplified from MG1655 genomic DNA and cloned into the NdeI and XhoI sites of the pET21b vector (Novagen) for expression in BL21(DE3). The gene was sequenced and found to be identical to the sequence reported in Blattner et al. (15) except for a 3Ј extension encoding the C-terminal histidine tag, insertion of a lysine codon after the methionine initiation codon, and a C-to-A transversion leading to a proline to glutamine mutation at amino acid 791. The alterations in the expressed protein lie outside the transglycosylase domain, which ends approximately at amino acid 423. Bacterial cultures were grown at 37°C to an OD of 0.6 at 595 nm and protein expression was induced by adding 1 mM isopropyl ␤-D-thiogalactoside. After another 3 h at 37°C, the cells were pelleted, lysed in a French press cell, and centrifuged to separate the soluble and insoluble fractions. The insoluble fraction was incubated at 60°C for 10 min to deactivate penicillin-binding proteins other than PBP1b (16). The insoluble fraction was then resuspended in a buffer containing 50 mM Tris (pH 8.0), 200 mM K 2 HPO 4 (pH 8.0), 0.1 mg͞ml DNase, 20 l͞ml protease inhibitor mixture (Sigma), 1 mM DTT, and 2% octyl glucoside, and was centrifuged at 20,000 ϫ g for 5 min to remove insoluble material. The PBP1b concentration in the decanted supernatant was estimated to be 1.2 mg͞ml based on the concentration of moenomycin required to fully inhibit the transglycosylation Abbreviations: Lac, lactate; PBP1b, penicillin-binding protein 1b; decyl-PEG, octaethylene glycol monodecyl ether.
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reaction (see Results).
Protein was stored as a 50% glycerol stock at Ϫ70°C. A PBP1b knockout strain subjected to the same treatment had no detectable transglycosylase activity. Enzymatic assays. Assays were carried out by separately incubating various amounts of [ 14 C]GlcNAc-labeled lipid II analogue 10 (specific activity ϭ 273 cpm͞pmol) and inhibitors (concentrations are indicated in the figure legends) in Eppendorf tubes containing 9 l of buffer [50 mM Hepes at pH 7.5, 10 mM CaCl 2 , 1,000 units͞ml penicillin G, 0.2 mM octaethylene glycol monodecyl ether (decyl-PEG; Anatrace, Maumee, OH), and 11% DMSO] and 1 l of PBP1b (from a solution freshly prepared by diluting the 50% glycerol stock 20-fold into 5 mM Tris buffer (pH 8.0) containing 8 mM decyl-PEG) for 10 min. Reaction mixtures were started by adding 1 l of the above PBP1b mixture to the substrate solution and were typically stopped after 15 min by adding 10 l of ice-cold 10 mM Tris (pH 8.0) containing 0.2% Triton X-100. Reactions were left on ice until they were spotted on cellulose chromatography paper (3MM Whatman chromatography paper). Products and starting material were separated according to Anderson et al. (1) by using chromatography (isobutyric acid͞1 M NH 4 OH, 5:3) and were quantitated by scintillation counting.
Results
To determine whether the chlorobiphenyl vancomycin derivatives inhibit bacterial transglycosylases, we first needed to develop an assay to monitor the activity of one of these enzymes. We chose to focus initially on the major transglycosylase in E. coli, PBP1b, because it has been previously purified in small amounts and shown to convert natural lipid II (11, Fig. 1a ) to a polymeric product (17) . It is the single best characterized transglycosylase (18) ; nevertheless, only one detailed kinetic analysis has been reported (19) . Bacterial transglycosylases have generally been difficult to study because lipid II, their substrate, cannot readily be obtained in useful quantities from natural sources. Furthermore, lipid II contains a 55-carbon polyprenyl chain that renders it insoluble in water and difficult to handle in enzyme assays. To enable the study of bacterial transglycosylases, we and others (10, 20, 21) have established synthetic routes to natural lipid II and analogues containing truncated polyprenyl chains (10) . We previously reported that compound 10, which contains a 35-carbon lipid chain, is a better substrate than natural lipid II to use for monitoring PBP1b activity in vitro (10) . Compound 10 contains the features essential for recognition by PBP1b, but because the lipid chain is shorter, the compound does not aggregate as extensively as natural lipid II containing a 55-carbon chain. Because we have found that 10 reacts reliably under a wider range of conditions than does natural lipid II, we have used it for the studies reported below.
Initial efforts to use compound 10 in transglycosylase inhibition assays were hampered because the enzyme was found to display biphasic kinetics, with a lag phase lasting for several minutes after the start of the reaction. In the recent kinetic studies of PBP1b, a lag phase was also observed when synthetic, full-length lipid II was used as the substrate (19) . Schwartz et al. (19) , however, reported that no lag phase was observed when additional aliquots of lipid II were added to a reaction initiated earlier. Bacterial transglycosylases are believed to be processive enzymes that form polymeric products from lipid II. Schwartz et al. (19) thus attributed the lag phase to the slow coupling of lipid II molecules and the more rapid phase to the faster coupling of lipid II to a partially polymerized ''primer.'' An alternative explanation, which would also be consistent with the reported experiment, is that the enzyme undergoes a slow transition to an active conformation after being added to the reaction buffer. In fact, we have found that the lag phase can be eliminated by storing the enzyme in 50% glycerol and incubating it in decyl-PEG-containing buffer for several minutes before the addition of substrate. Decyl-PEG is not required for activity, but it does increase the reaction rate. The reaction rate is linear for at least 30 min at 2 M lipid II and 100 min at 20 M lipid II. Under the optimized reaction conditions, the enzyme obeys MichaelisMenten kinetics, and the apparent K m for lipid II is Ϸ2 M, in good agreement with the value determined previously (18, 19) . The k cat , based on an estimated PBP1b concentration of 30 nM (see below), is calculated to be 0.07 s Ϫ1 , which is also consistent with values determined previously (18, 19) . With the development of conditions that produce a linear initial rate, we were finally able to evaluate inhibition of the enzyme by various glycopeptides and other compounds.
The Compounds. The compounds 1-8 in Fig. 1 were examined. Compounds 1 and 2 are vancomycin and chlorobiphenyl vancomycin, respectively. Chlorobiphenyl vancomycin is active against both major forms of vancomycin-resistant enterococcal strains, vanA and vanB strains (22) . Compound 3 is teicoplanin, a glycopeptide antibiotic currently in clinical use in Japan, which contains, like compound 2, a hydrophobic substituent on the A4 glycoside. Teicoplanin (3) is active against vanB resistant enterococcal strains but not vanA resistant enterococcal strains (23) . It was included in the present studies because it contains a hydrophobic substituent and thus serves as a control for inhibitory effects caused by nonspecific interactions involving hydrophobic moieties. Compounds 4, 5, and 6 are derivatives of 1, 2, and 3 in which the peptide-binding pockets have been damaged so that they no longer bind D-Ala-D-Ala. Finally, we also examined moenomycin 7 and the analogue 8, in which the lipid chain has been removed by oxidative cleavage. Moenomycin is a commercially used transglycosylase inhibitor. It was proposed many years ago that moenomycin mimics the substrates in the transglycosylation reaction and is a competitive inhibitor of the transglycosylase enzymes (24, 25) . However, its mode of inhibition has not been evaluated previously.
IC50 Measurements. Compounds 1-8 were evaluated for their ability to inhibit PBP1b under a standard set of assay conditions. As expected, vancomycin (1), chlorobiphenyl vancomycin (2), and teicoplanin (3) were effective inhibitors of transglycosylase activity, with IC 50 values in the low micromolar range (Table 1) . However, the damaged versions of vancomycin (4) and teicoplanin (6) were both poor inhibitors, with IC 50 values being two orders of magnitude higher than the parent compounds. Their inability to inhibit transglycosylase effectively is consistent with their inability to bind D-Ala-D-Ala. Compound 5, damaged chlorobiphenyl vancomycin, which similarly does not bind D-Ala-D-Ala, was nevertheless found to have an IC 50 value comparable to compounds 1-3. Therefore, the chlorobiphenyl substituent attached to the disaccharide somehow confers transglycosylase inhibitory activity onto the glycopeptide analogue. We do not believe that the effects of the chlorobiphenyl group are related to nonspecific hydrophobic interactions because the damaged teicoplanin derivative (6) , which also contains a lipid-substituted carbohydrate moiety, does not have transglycosylase inhibitory activity.
Moenomycin (7), the proposed active site binder, proved to be the best inhibitor, with an IC 50 value in the nanomolar range. At the enzyme concentration used in these assays, 30 nM moenomycin shuts down enzymatic activity completely. Assuming that moenomycin inhibits PBP1b by binding to the enzyme in a 1:1 ratio, this concentration provides an estimate for the upper limit of the enzyme concentration.
The presence of a long lipid chain on moenomycin has been shown to be essential for good antimicrobial activity (26, 27) . To assess the role of the lipid chain in enzyme inhibition, we tested the delipidated moenomycin derivative 8. It was found to be more than two orders of magnitude less potent as an inhibitor, implying that the lipid chain enhances binding to the enzyme. Nevertheless, the potency of the delipidated derivative is comparable to that of the glycopeptides.
Inhibition Kinetics. Compounds 1, 2, 5, 7, and 8 were subjected to more detailed kinetic analysis to probe their modes of inhibition. The velocity versus [substrate] curve for vancomycin (1) indicates that inhibition is competitive with respect to lipid II. Closer inspection of the curves reveals a sigmoidal shape in the presence of vancomycin, with lower-than-expected activity at low substrate concentrations (Fig. 3a) . This sigmoidal shape is characteristic of inhibitors that bind to substrates (28) . The inhibition curves observed with chlorobiphenyl vancomycin (2) are also sigmoidal, suggesting that at low substrate concentrations 2 similarly inhibits PBP1b by binding to the lipid II substrate (Fig. 3b) . However, at higher substrate concentrations 2 differs from 1 in that the inhibition cannot be competed away. This result suggests that compound 2, in addition to binding to lipid II, has another mode of inhibition. Compound 5, the damaged version of 2, behaves similarly to 2 in that the inhibition cannot be competed away at high concentrations of lipid II; however, the velocity versus substrate curves for 5 are not sigmoidal (Fig. 3c) , which is consistent with the inability of 5 to bind the D-Ala-D-Ala-containing substrate. The kinetic results reveal a marked difference in the manner in which chlorobiphenyl derivatives of vancomycin and vancomycin itself inhibit bacterial transglycosylase.
Chlorobiphenyl derivatives of vancomycin are reported to form dimers, and possibly, other aggregates in solution (22) . Therefore, we considered the possibility that the transglycosylase inhibition observed for both 2 and 5 at higher substrate concentrations might be due not to the compounds themselves, but to aggregates of the compounds. McGovern et al. (29) have recently described the kinetic behavior of inhibitory aggregates and have suggested a set of criteria that enable one to distinguish noncompetitive inhibition caused by a compound aggregate from that caused by a compound itself. In general, the IC 50 values of compound aggregates are highly dependent on reaction conditions such as ionic strength, pH, and the presence of detergents or other proteins such as BSA. The IC 50 values of the tested compounds were unaffected by the salt concentration (from 10 to 250 mM) or the presence of decyl-PEG (up to 2 mM). BSA affected the activity of the enzyme in the absence of inhibitors, making it difficult to evaluate its effect on the inhibitors. Nevertheless, BSA had a significantly smaller effect on the IC 50 of these compounds than on the aggregates reported by McGovern et al. (29) . Therefore, the simplest interpretation of the inhibition results for the chlorobiphenyl derivatives is that 5 interacts directly with PBP1b, and that the noncompetitive component of the inhibition caused by the parent compound 2 is similarly related to its ability to interact with the enzyme.
Moenomycin (7) was also tested and, like compounds 2 and 5, found to inhibit PBP1b in a manner that cannot be overcome by adding more substrate (Fig. 3d) . To determine whether the lipid chain, which increases the affinity of moenomycin for the enzyme, also influences the mode of inhibition, we examined the inhibition patterns for delipidated derivative 8. It, too, is not competitive with respect to lipid II (Fig. 3e) . Thus, we have been able to establish that the inability of lipid II to compete away the inhibition is not an artifact due to the presence of the hydrophobic chain, but rather reflects the manner in which the pentasaccharide portion of the molecule interacts with the enzyme.
Discussion
Bacterial transglycosylases are targets for a number of natural products, including the pentasaccharide moenomycin and the glycopeptides vancomycin and teicoplanin. The transglycosylation reaction was originally described in 1965 by Strominger (1), but it was not feasible to test how various compounds inhibit bacterial transglycosylases until now. A major impediment to studying these enzymes has been that adequate supplies of lipid II cannot be obtained from natural sources. The development of synthetic approaches to make lipid II and analogues has solved the substrate problem (10, 20, 21) , making it possible to assay inhibitors.
Having an efficient route to lipid II and assay conditions to monitor PBP1b activity has allowed us to analyze the inhibition kinetics of moenomycin, vancomycin, and various derivatives. Our results confirm hypotheses for how some of these compounds function, but they raise questions about others. For example, the sigmoidal velocity versus substrate curves generated in the presence of vancomycin confirm that the molecule inhibits PBP1b by binding to the lipid II substrate. As expected for a simple substrate binder (28, 30) , the inhibition can be overcome by competition at high concentrations of lipid II (Fig.  3a Inset) . In contrast to vancomycin, the experiments on moenomycin do not support the proposed mechanism for inhibition. Although this compound was predicted to be a competitive inhibitor with respect to lipid II (24, 31, 32) , our results show that it is not. Lipid II cannot overcome the inhibition. We considered the possibility that lipid II might not compete effectively with moenomycin because the moenomycin lipid chain prevents dissociation. However, the delipidated derivative shows a very similar inhibition pattern, albeit at higher concentrations. The inability of lipid II to displace the water-soluble, delipidated moenomycin implies that this inhibitor does not bind in the immediate vicinity of lipid II. Because PBP1b makes a polymer, it is presumed to have an extended saccharide-binding site for the growing chain and it remains possible that moenomycin occupies at least part of this site, thereby blocking elongation. It should be possible to glean more information about the mode of binding of moenomycin and its derivatives once additional substrate probes are developed. In the meantime, it is worth noting that because our results suggest that the lipid chain on moenomycin plays a nonspecific role in activity, it should be possible to replace it with groups having more desirable physical properties (33) .
The results on moenomycin are intriguing, but the initial motivation for doing these studies was to probe the mechanism of action of lipid-linked derivatives of vancomycin. We have previously made many glycopeptide derivatives containing lipid substituents at different positions, either on the aglycone or on the carbohydrates (7, (33) (34) (35) (36) . We have found that the potency of most lipid-linked glycopeptides decreases dramatically when their peptide-binding pockets are damaged, implying that peptide binding is important for activity. However, a small subset of lipid-linked glycopeptides retain good activity against both vanA and vanB strains when their binding pockets are damaged. Activity against vanA strains requires specific positioning of a hydrophobic substituent attached to the vancomycin disaccharide (7, 34, 36) .
Overcoming vanA resistance is challenging because it requires that glycopeptide analogues be able to kill bacterial cells that express D-Ala-D-Lac. Several models have been proposed to explain the activity of glycolipid analogues of vancomycin against vanA strains. According to one model, the vancomycin analogues have enhanced avidity for D-Ala-D-Lac because membrane anchoring localizes them near the altered lipid II precursors that are produced. Many lipid-linked glycopeptides, including teicoplanin, can anchor to bacterial membranes, but only those with a particular glycolipid structure have activity against vanA strains. Therefore, we do not think that vanA activity is explained by the membrane-anchoring hypothesis, which involves a nonspecific mechanism.
Williams and coworkers (37) (38) (39) have shown that some glycopeptides form dimers in solution and that attaching lipid substituents to the carbohydrate portion lowers the concentration at which they dimerize. They have proposed that these derivatives have enhanced avidity for D-Ala-D-Lac moieties presented on bacterial cell surfaces because the interactions are effectively divalent (40) . There is considerable biophysical data to support the hypothesis that lipid-substituted glycopeptides have enhanced avidity for both D-Ala-D-Ala-and D-Ala-D-Lacmodified surfaces (41) , and it has also been shown that covalent dimers and trimers of vancomycin bind covalent multimers of D-Ala-D-Ala many orders of magnitude better than the monomers bind (42) . Nevertheless, there is no evidence that chlorobiphenyl vancomycin derivatives kill vanA strains by dimerizing near cell surfaces and binding D-Ala-D-Lac (43, 44) . Furthermore, it is virtually impossible to design biophysical experiments that report on the extent to which enhanced D-Ala-D-Lac binding contributes to killing resistant microorganisms.
One requirement of the Williams model (37-39) is that glycopeptides must bind peptidoglycan precursors to kill cells. This requirement can be tested by damaging the peptidebinding pockets of lipid-substituted glycopeptides and evaluating their activities against relevant strains. Because glycopeptide analogues containing hydrophobic substituents on the vancosamino nitrogen retain activity against vanA strains when the binding pocket is damaged (7, 34 -36) , the Williams model cannot explain the activity of these compounds. Therefore, we have proposed that certain glycopeptide analogues have a second mechanism of action that does not involve peptide binding (7, 45) . In this paper, we have presented kinetic evidence that chlorobiphenyl-vancosamino derivatives of vancomycin can inhibit PBP1b, the major transglycosylase in E. coli, even in the absence of substrate binding. This result is consistent with previous work (7) showing that damaged chlorobiphenyl vancomycin blocks the transglycosylation step of peptidoglycan synthesis. PBP1b shares homology with Gram-positive transglycosylases and so it is possible that the chlorobiphenyl derivatives similarly inhibit the Gram-positive transglycosylases. If so, this finding would explain the activity of chlorobiphenyl vancomycin and related compounds against vanA strains. The ability of glycopeptide derivatives to inhibit Gram-positive transglycosylases remains to be tested.
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